Abstract-It is well know that the performance of the minimum variance distortionless response (MVDR) beamformer is very sensitive to steering vector mismatch because of the signal cancellation. Such mismatches can occur as a result of direction-of arrival (DOA) errors, local scattering, near-far spatial signature mismatch, waveform distortion, source spreading, imperfectly calibrated arrays and distorted antenna shape.
I. INTRODUCTION
Beamforming has long been used in many areas, such as radar, sonar, seismology, medical imaging, speech processing and wireless communications. Introduction to beamforming can be found in [18] - [20] and the references therein. A datadependent beamformer was proposed by Capon in [1] . By exploiting the second order statistics of the array output, the method constrains the response of the signal of interest (SOI) to be unity and minimizes the total variance of the beamformer output. This method is called minimum variance distortionless response (MVDR) beamformer in the literature. The MVDR beamformer has very good resolution, and the SINR (signal-to-interference-plus-noise ratio) performance is much better than traditional data-independent beamformers. However, the steering vector of the SOI can be imprecise. When the mismatched steering vector is used in the MVDR beamformer, the response of the SOI is no longer constrained to be unity and thus is attenuated by the MVDR beamformer while minimizing the total variance of the beamformer output [2] . This phenomenon is called signal cancellation or selfnulling. It will dramatically degrade the output SINR. Many approaches, including [3]- [17] and the references therein, have been proposed for improving the robustness of the MVDR beamformer. A good introduction to this topic can be found in [5] .
Recently, some approaches based on an uncertainty set of steering vectors have been proposed [4] - [9] . Instead of imposing a linear constraint, these approaches minimize the output variances subject to the constraint that the magnitude responses of a set of steering vectors exceed unity. If the mismatched steering vector is still in this set, its magnitude response will exceed unity and will not be attenuated. In this paper, we focus on the steering mismatch caused by direction-of-arrival (DOA) mismatch. Inspired by these uncertainty based methods, we 'Work supported in parts by the ONR grant N00014-06-1-0011, and the California Institute of Technology. consider a simplified uncertainty set which contains only the steering vectors with a desired uncertainty range of DOA. To find a suboptimal solution for this problem, the constraint is first loosened to two non-convex quadratic constraints such that the magnitude responses of two steering vectors exceed unity. Then a diagonal loading method is used to force the magnitude responses at the arrival angles between these two steering vectors to exceed unity. Therefore this method can always force the gains at a desired range of angles to exceed a constant level while suppressing the interferences and noise. A closed form solution to the proposed minimization problem is introduced, and the diagonal loading factor can be computed systematically by a proposed algorithm. Numerical examples show that this method has an excellent SINR performance and a complexity comparable to the standard MVDR beamformer (which has poor performance).
The rest of the paper is organized as follows. The analysis of steering vector mismatch and some previous work are reviewed in Section II. In Section III, we develop the theory and the algorithm of our new robust beamformer. The numerical examples are presented in Section IV. Section V gives the conclusions. This modification forces the beamformer to put more effort on suppressing white noise rather than interferences. When the SOI steering vector is mismatched, the SOI is attenuated as one of the interferences. As the beamformer puts less effort on suppressing the interferences, the SOI suppression problem addressed above is reduced. However, when -y is too large, the beamformer fails to suppress strong interferences because S = {-s + e ||e|| < 1}, (6) where -s is the assumed steering vector. Instead of imposing a linear constraint, this method constrains the magnitude responses of a sphere set of steering vectors to exceed unity. If the mismatched steering vector is in this uncertainty set, its gain will exceed unity and will not be attenuated. Unlike the method in [10] , this method directly protects the SOI response from being suppressed. In The matrix inversion in Step 2 contains most of the complexity of the algorithm. Therefore the algorithm has the same order of complexity as the MVDR beamformer. Because the constraint is loosened, the feasible set of the two-point quadratic constraint problem in Eq. (9) is a superset of the feasible set of the original problem in Eq. (7). The minimum found in this problem is a lower bound of the minimum of the original problem. If the solution wo in the two-point quadratic constraint problem in Eq. (9) 
Summarizing Eq. (12), Eq. (13) and Eq. (10), the following algorithm for solving the beamformer with the two-point quadratic constraint in Eq. (9) is obtained. else -y --cry, and go to 1.
This algorithm keeps increasing -y by multiplying a until St (0 w-l > 1 for all i = 1,.2. n is satisfied. This is an approximation for |st(0)w-| > 1 for 01 < 0 < 02. In the numerical results in next section, the number n can be very small. The choice n = 3 works well in all of the examples. Also, the SINR is not sensitive to the choice of a. 2) General-rank method [9] is seriously degraded with only 20 of SNR increases, the MVDR beamformer strong SOI to minimize the total outpu in the high SNR region, the SINR increases.The performances of the unce are better than the LCMV methods. Thi equality constraints are too strong compared to the quadratic inequality constraints. Among the uncertainty based methods, Algorithm 2 has the best SINR performance because it has an uncertainty set which focuses on the DOA mismatch only. The SINR is very close to the upper bound provided by the MVDR beamformer without mismatch. V. CONCLUSIONS In this paper, a new beamformer wich is robust against DOA mismatch is introduced. This robust beamformer quadratically constrains the magnitude responses of two steering vectors and then uses a diagonal loading method to force the magnitude response in a range of arrival angles to exceed unity. Therefore this method can always force the gains in a desired range of angles to exceed a constant level. The analytic solution to the quadratic constraint minimization problem has been proposed in Algorithm 1, and the diagonal loading factor 7y can be determined by a simple iteration method proposed in Algorithm 2. The complexity required in Algorithm 1 is approximately about the same as in the MVDR beamformer. The overall complexity depends on the number of iterations in Algorithm 2 which depends on the SNR. In our numerical examples, when SNR < 10dB, the number of iterations is less than three. The numerical examples also show that our approach has a significantly better SINR performance compared to previously published methods.
IV. NUMERICAL EXAMPLES

